Abstract The uptake and storage of anthropogenic carbon in the North Atlantic is investigated using different configurations of ocean general circulation/carbon cycle models. We investigate how different representations of the ocean physics in the models, which represent the range of models currently in use, affect the evolution of CO 2 uptake in the North Atlantic. The buffer effect of the ocean carbon system would be expected to reduce ocean CO 2 uptake as the ocean absorbs increasing amounts of CO 2 . We find that the strength of the buffer effect is very dependent on the model ocean state, as it affects both the magnitude and timing of the changes in uptake. The timescale over which uptake of CO 2 in the North Atlantic drops to below preindustrial levels is particularly sensitive to the ocean state which sets the degree of buffering; it is less sensitive to the choice of atmospheric CO 2 forcing scenario. Neglecting physical climate change effects, North Atlantic CO 2 uptake drops below preindustrial levels between 50 and 300 years after stabilisation of atmospheric CO 2 in different model configurations. Storage of anthropogenic carbon in the North Atlantic varies much less among the different model configurations, as differences in ocean transport of dissolved inorganic carbon and uptake of CO 2 compensate each other. This supports the idea that measured inventories of anthropogenic carbon in the real ocean cannot be used to constrain the surface uptake. Including physical climate change effects reduces anthropogenic CO 2 uptake and storage in the North Atlantic further, due to the combined effects of surface warming, increased freshwater input, and a slowdown of the meridional overturning circulation. The timescale over which North Atlantic CO 2 uptake drops to below preindustrial levels is reduced by about one-third, leading to an estimate of this timescale for the real world of about 50 years after the stabilisation of atmospheric CO 2 . In the climate change experiment, a shallowing of the mixed layer depths in the North Atlantic results in a significant reduction in primary production, reducing the potential role for biology in drawing down anthropogenic CO 2 .
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Introduction
The relatively large carbon inventory of the world ocean, coupled with processes that allow the turnover of this inventory on centennial timescales, mean that knowledge of the processes that regulate the oceanic uptake of carbon dioxide (CO 2 ) is a key factor in understanding past and future climate changes (Broecker 1982; Friedlingstein et al. 2005) . Since preindustrial times, ocean uptake of CO 2 has increased due to increasing quantities of anthropogenic CO 2 emitted into the atmosphere . The anthropogenic perturbation is difficult to distinguish from the natural carbon in measurements (e.g. Gruber et al. 1996) , and uncertainties in both data coverage and the interpretation of that data mean that models of the ocean carbon cycle are an essential tool in ascertaining how anthropogenic CO 2 is being taken up by the ocean. The complexity of the marine biogeochemical system, coupled with the wide range of time and space scales on which climate must be studied, has led to the use of a range of models of differing sophistication (Lenton et al. 2006; Friedlingstein et al. 2005 ). Whilst recent model intercomparison projects have shown reasonable agreement among ocean biogeochemical models as regards the global properties of ocean CO 2 uptake, considerable differences remain at the regional level (Orr et al. 2001) .
Chemically, the distinction between anthropogenic and natural carbon is purely conceptual, but in models it can be precisely diagnosed: either as the difference in carbon fluxes and inventories between modern and preindustrial simulations, or by the use of an artificial tracer. Large intermodel differences in the uptake of anthropogenic CO 2 have been found in the North Atlantic, where some of the most intense CO 2 uptake is thought to occur (Orr et al. 2001) . This enhanced uptake is largely due to the exchange and mixing of surface water with old, relatively carbon poor bottom waters that occurs during the formation of North Atlantic deepwater. Doney et al. (2004) found that much of the difference between the various ocean biogeochemical models could be traced to the background physical state of the models. Models differ significantly in their representation of the ocean in the North Atlantic, due to differences in, for example, convection, the structure of the Atlantic meridional overturning circulation (MOC), and the overflows that link the Atlantic to the Arctic. The modeldependence of these processes also leads to a wide range of model predictions for how the ocean state in the North Atlantic is likely to change in the future (e.g. Gregory et al. 2005) . Current and future levels of anthropogenic CO 2 uptake in the North Atlantic are thus very uncertain. Although the net CO 2 uptake in the North Atlantic is small due to its limited area, uptake in this region represents a disproportionate amount of the inter-model disagreement.
There is also significant disagreement between models and observations of the uptake of anthropogenic CO 2 in the North Atlantic. All the models show the North Atlantic as a region of intense uptake of anthropogenic CO 2 (Orr et al. 2001) , whilst studies based on measurements of carbon in the water calculate that the inventory of anthropogenic carbon in the North Atlantic is almost wholly supplied through transport within the ocean (Roson et al. 2003; Macdonald et al. 2003) . However, both the transport-based estimates and the model estimates, as seen above, are subject to significant sources of error. Völker et al. (2002) attempted to constrain the surface CO 2 fluxes using a box model and the estimates of anthropogenic carbon in the Atlantic. They found the surface fluxes were not well constrained within their system but that the increasing influence of the buffer effect of ocean dissolved inorganic carbon (DIC) led to a significant reduction of the CO 2 uptake in the North Atlantic: uptake dropped below preindustrial levels by the year 2100, despite increasing levels of atmospheric CO 2 . Uptake below preindustrial levels can be seen as an ''outgassing'' of the anthropogenic component of the CO 2 flux. Although tentative, there is some observational evidence that CO 2 uptake in the North Atlantic is currently decreasing (Lefevre and Watson 2004; Omar and Olsen 2006) .
In this study, we aim to investigate the factors that influence the uptake and storage of anthropogenic carbon in different ocean general circulation/carbon cycle models, with particular focus on the influence of the ocean physics in the North Atlantic region. Using a variety of configurations to represent the range of models currently in use, we attempt to separate the influences of model resolution and boundary conditions, and to investigate how the modelled evolution of CO 2 uptake depends on the build-up of DIC in the North Atlantic, changes in surface state and changes in ocean circulation. We also investigate whether the outgassing of anthropogenic CO 2 found by Völker et al. (2002) can be reproduced in a more sophisticated ocean model, and on what timescale it might be expected to occur in reality.
The paper is arranged as follows. In Sect. 2 we describe the models and their background states. In Sect. 5 we investigate the effects of increasing atmospheric CO 2 whilst keeping the physical ocean state constant. In Sect. 8 the physical ocean state is also allowed to change in response to the increased CO 2 forcing. A discussion and conclusions follow in Sects. 9 and 10.
Models and experiment description

Models
To cover the range of ocean carbon cycle models currently in use in Earth System Models (ESMs), we use two different versions of the Hamburg Ocean Carbon Cycle (HAMOCC) biogeochemical model, coupled offline to two different ocean circulation models. Offline coupling means that the biogeochemistry model is run using the archived results of a previous ocean circulation model run; the biogeochemistry is thus unable to feed back onto the ocean dynamics. HAMOCC is an NPZD (nutrient, phytoplankton, zooplankton, and detritus) model with a simplified representation of plankton productivity which assumes perfect stoichiometric relationships.
To represent the lower resolution end of ESMs, we use version 3 of HAMOCC (Maier-Reimer 1993) , forced offline with temperature, salinity, velocity, and convective adjustment fields generated by the Large-Scale Geostrophic (LSG) ocean model. LSG is an E-grid, z-level, large-scale geostrophic ocean model with 15 vertical layers and a simple sea-ice parameterisation. It uses an upwind advective scheme, and simple vertical/horizontal tracer diffusion. LSG runs with a 1 month timestep, at approximately 4°horizontal resolution. Surface fluxes of CO 2 in HAMOCC3 are calculated via a simple piston velocity approach using constant values for the exchange rate.
To represent the higher resolution components used by some ESMs, we use version 5 of HAMOCC (Maier-Reimer et al. 2005) , forced offline by the Max Planck Institute Ocean Model (MPI-OM) (Marsland et al. 2003) . HA-MOCC5 uses the same carbon chemistry as HAMOCC3, but nitrogen, opal, calcium carbonate, dissolved iron, and dust are also accounted for; production can therefore become iron limited in certain regions. Surface fluxes of CO 2 in HAMMOC5 are dependent on the local wind speed, with the Schmidt number and piston velocity calculated according to Wanninkhof (1992) . MPI-OM is a primitive equation, z-level model. It runs on an orthogonal, curvilinear C-grid. The model has a nominal 3°horizontal resolution, but the use of a curvilinear grid results in an approximately 1°resolution in the North Atlantic, increasing to *0.5°in some of the convection regions around Greenland. It has 40 vertical levels. The model uses a total variation diminishing (TVD) advection scheme and GentMcWilliams isopycnal tracer diffusion and eddy parameterisation, with diapycnal mixing based on the scheme of Pacanowski and Philander (1981) . To save computational time, the offline biogeochemical tracers are advected along vertical/horizontal gridbox lines, not in isopycnal coordinates: whilst the advection of temperature and salinity along isopycnals is important for the accurate representation of the flow and tracer distribution, the choice of vertical or diapycnal mixing for the biogeochemical tracers in MPI-OM/HAMOCC5 makes little difference to the resulting tracer distribution (P. Wetzel, personal communication).
The offline version of HAMOCC5 is driven by monthly averaged data of solar radiation, surface winds, sea surface height, temperature, salinity, velocity, vertical diffusivity, and ice coverage. These data are linearly interpolated in time (using the method of Killworth 1996 to retain the same mean statistics as the monthly fields) to provide daily forcing fields. The use of monthly averaged data reduces the level of variability that the offline version of HAMOCC5 is capable of representing; we aim however to look at general, long-term trends in the model, for which a monthly forcing frequency is suitable. However, the long-term mean may also be affected by the monthly averaging, most likely through the averaging of diapycnal mixing, as the timescales on which convective processes occur are of the order of days within the original model runs. Convective effects are parameterised in MPI-OM through large increases in vertical diffusivity, which are then seen by the offline HAMOCC5 through the monthly averaged vertical diffusivity forcing. The averaging, however, changes the character of the convective mixing from a fast, strong event to a slower, weaker one. Comparisons of online and offline versions of MPI-OM/ HAMOCC5 (the online model has coupling between the dynamics and the biogeochemistry every timestep as the dynamical model is run) forced by the Ocean Model Intercomparison Project (OMIP) surface climatology (Röske 2005) show that the monthly averaging of the diapycnal mixing does not have a major effect on the surface CO 2 fluxes simulated over most of the global ocean. The main differences are in the North Atlantic, where the monthly averaging of diapycnal mixing results in slightly too much CO 2 uptake (Fig. 1 ).
Experiment description
In all but one of the following experiments an idealised CO 2 forcing is used, where a spatially constant atmospheric pCO 2 increases from 278 latm. at the rate of 1% year -1 from model year 150 onwards. Past year 289 it is stabilised at four times its initial value (1,112 latm.). This forcing scenario is referred to as 4xCO2. This idealised CO 2 forcing is a standard scenario used in the Coupled Model Intercomparison Project (http://www-pcmdi.llnl.gov/ projects/cmip). For the experiments in Sect. 5, the CO 2 forcing in the atmosphere only affects the biogeochemistry, not the physical ocean state. The biogeochemical effects of the increase can thus be separated from those of a changing ocean state, which will also affect CO 2 uptake.
We consider two principal experiments with the LSG/ HAMOCC3 model: a control run with fixed preindustrial atmospheric CO 2 (L-CTRL) and a run with the 4xCO2 forcing (L-4xCO2). The ocean state used with the offline biogeochemistry in both cases has been forced by restoring to boundary conditions representing a fixed preindustrial climate ). An additional experiment is conducted with the LSG/HAMOCC3 model where atmospheric pCO 2 follows historical concentrations from 1860 to the year 1990, and then increases at 1% year -1 until it reaches 650 atm., where it is held steady. This forcing scenario is referred to as L-650. This experiment allows the influence of the choice of forcing scenario to be assessed for the LSG/HAMOCC3.
Two configurations of the MPI-OM/HAMOCC5 are used with the 4xCO2 forcing. In one, the ocean has been forced by surface boundary fluxes from the OMIP climatology (Röske 2005) . The other uses ocean states taken from runs where the MPI-OM been coupled to the ECHAM5 atmosphere model . ECHAM5 (Roeckner et al. 2003 ) is a primitive equation atmospheric general circulation model (GCM), run here at a T31 spectral resolution (approximately 3.75°) with 19 vertical layers. Dust is provided by a fixed climatology (Timmreck and Schulz 2004) . As with the other experiments in this study, atmospheric pCO 2 is spatially constant. Using the OMIP-forced MPI-OM/HAMOCC5, we produce a control run with no CO 2 forcing (MO-CTRL) and a run with the 4xCO2 forcing scenario (MO-4xCO2). We also run the MPI-OM/HAMOCC5 model with ocean fields from the coupled ECHAM5/MPI-OM with the same forcings (MC-CTRL and MC-4xCO2).
In Sect. 8, we conduct an additional experiment where the atmospheric pCO 2 changes are allowed to affect the physical ocean state as well as the biogeochemistry. Because of the need for an estimate of climate change for this experiment, we only use fields from the coupled ECHAM5/MPI-OM model. This experiment is denoted MC-CLIM. Table 1 summarises the key features of each experiment analysed in this study.
3 Fixed ocean background states
Control runs
The flux of CO 2 at the ocean surface is set by the difference between atmospheric and ocean pCO 2 , and the piston velocity. Since atmospheric pCO 2 is prescribed, the fluxes depend simply on the modelled ocean pCO 2 (assuming constant piston velocity). Ocean pCO 2 is set by the surface values of temperature (SST), salinity (SSS), dissolved inorganic carbon (DIC) and alkalinity (Alk). As a result of different boundary conditions and model processes, the different control experiments have different surface distributions of these four tracers, and thus different CO 2 fluxes. The surface conditions affect not only the CO 2 fluxes in the control experiments, but also the sensitivity of the model to atmospheric CO 2 forcing. We thus start by assessing the control runs, with special emphasis on the North Atlantic region.
There are three different control runs in this study. The L-CTRL run is started from the equilibrium preindustrial state of Maier-Reimer et al. (1993) . The MO-CTRL run is started from a spun-up state of the online MPI-OM/HA-MOCC5 model forced with the OMIP boundary conditions, and then run on for 1,000 years with the offline version of the model. The MC-CTRL run is started from the same spun-up online model state as MO-CTRL, and the offline model is then run for about 1,000 years using ocean fields derived from a preindustrial run of the coupled ECHAM5/MPI-OM model. The North Atlantic region is defined so that the surface area is the same for the LSG/HAMOCC3 runs as for the MPI-OM/HAMOCC5 ones, as far as the grids allow. Surface integral values can thus be compared.
All of the models have a reasonable surface temperature distribution in the North Atlantic (Fig. 2) . Average values for the North Atlantic surface conditions are given in Table 2 . The lower vertical resolution and higher diapycnal mixing of the LSG model (it has a 50 m surface layer, the MPI-OM surface layer is 12 m) gives it a cooler surface. A cooler surface implies a higher surface DIC content, as CO 2 is more soluble in cold water. The MC-CTRL run is also rather cold at the surface, probably a result of a weak The MC-CTRL state is also not saline enough, which will tend to decrease ocean surface pCO 2 slightly. Salinity has a direct effect on the chemical equilibrium of carbon species in the water, but lower salinity also implies a more dilute solution and thus lower levels of DIC and Alk as well. Excess precipitation in MC-CTRL results in a too fresh Atlantic and consequently rather low SSS, DIC and Alk. The effects of dilution can be seen explicitly in the plots of surface Alk and DIC (Fig. 2) . Although the climatological data coverage is limited, it can be seen that the over-dilute MC-CTRL has too low levels of DIC and Alk.
The MO-CTRL run has the most realistic SST pattern and a slight overestimate of SSS, resulting in an overestimate surface Alk but a fairly good representation of DIC. Despite only a small overestimate of SSS, L-CTRL overestimates surface DIC and Alk, implying that simple dilution from the surface freshwater balance is not the cause for the overestimates. Overall, the MO-CTRL run has the most realistic surface distributions of SST, SSS, DIC and Alk of the three control runs.
The degree of diapycnal mixing is important for setting the biogeochemical properties of surface water. Remineralisation of organic matter at depth results in a general increase of DIC and Alk with depth, so strong diapycnal In the 4xCO2 forcing scenario atmospheric pCO 2 is increased from 278 latm. by 1% year -1 until it reaches 1,112 latm., where it is held constant. In the S650 CO 2 forcing scenario, atmospheric pCO 2 follows historical values, from 1860 until 1990, when it then increases at 1% year -1 until it reaches 650 latm. and is then held constant Levitus et al. 1998 , Alk and DIC from Key et al. 2004 ), the second column shows L-CTRL, the third MO-CTRL, and the fourth MC-CTRL. The first row shows SST, the second SSS, the third surface alkalinity, and the fourth surface DIC.
Area average values of these fields are given in Table 2 . The area defined as the ''North Atlantic'' is outlined in black mixing leads to increased values of DIC, Alk, and nutrients at the surface. Diapycnal mixing is also very important for the response of the ocean to increased atmospheric CO 2 forcing, as the rate at which carbon can be mixed down to depth is crucial in setting the rate at which it can be taken up at the surface. Likewise, the strength and nature of the Atlantic MOC are important factors in determining surface CO 2 uptake in the North Atlantic. As surface water flows north and cools, its pCO 2 drops as it becomes more soluble to CO 2 . A broader or slower surface flow would have time to come fully into equilibrium with the atmosphere as it flows north, whereas a narrower or faster circulation would not. A stronger MOC also implies an increased rate of diapycnal mixing, often associated with deeper mixed layer depths and convective activity at high latitudes, so MOC strength can be linked to surface concentrations of Alk as well as DIC. Both the diapycnal mixing and the Atlantic MOC differ among the different experiments. The L-CTRL run has deep mixed layers off the south-eastern tip of Greenland and in the Greenland-Iceland-Norwegian (GIN) seas and a strong, deep MOC with a maximum overturning strength of 24 Sv at 30°N (Fig. 3) . MO-CTRL has an equally strong MOC, with the maximum further north a 50°N, although it is rather shallower. Strong sinking occurs in the Labrador and GIN seas. The MC-CTRL overturning has the same shape as that in MO-CTRL, but is much weaker at 14 Sv. Mixed layer depths are deepest south of Greenland and in the GIN seas, but are about two-thirds of the values of those in the other runs. The low horizontal resolution in the LSG/HAMOCC3 model leads to a northward surface flow from the Equator that is too sluggish and spreads over too wide an area. The cooling flow thus has more time to equilibrate with the atmosphere on its journey northwards, resulting in higher DIC levels in the North Atlantic. The LSG/HAMOCC3 model also has higher levels of vertical diffusivity, which lead to weaker vertical gradients and higher surface values of Alk and DIC.
CO 2 forcing experiments
In the experiments considered in this section, the increased atmospheric pCO 2 only affects the biogeochemistry and not the physical ocean state of the models. Thus the temperature, salinity, and alkalinity fields will remain constant (e.g. alkalinity is not affected by CO 2 exchange and there is no CO 2 fertilisation effect on the biology in the models). Only the surface fluxes of CO 2 and the DIC content of the water change during the run.
Ocean pCO 2 can be approximately expressed as ; where k 0 is the constant for CO 2 dissolution and k 1 and k 2 are the dissociation constants of CO 2 in seawater (Sarmiento and Gruber 2006) . The k i are dependent on temperature and salinity, so the fields of SST, SSS, DIC and Alk suffice, under this approximation, to determine the ocean surface pCO 2 and thus the flux from the atmosphere in the control runs (this approximation is not used in the models, but it is used here to quickly assess the influences of these four tracer fields). Using this formula with values from Table 2 , L-CTRL has the highest Climatological data from Levitus et al. (1998) North Atlantic pCO 2 , followed by MC-CTRL and then MO-CTRL. A higher surface pCO 2 implies a lower uptake of CO 2 from the atmosphere. This is confirmed by the surface uptake in the three control runs, at 0.21 PgC/year for L-CTRL, 0.28 PgC/year for MC-CTRL and 0.3 PgC/ year for MO-CTRL. CO 2 uptake in the Atlantic is generally lower in L-CTRL, reflecting the lower resolution, sluggish northward surface flow that has more time to come into equilibrium with the atmosphere.
When CO 2 enters the ocean from the atmosphere, much of it reacts with carbonate (the strongest base of the CO 2 system) in the water to form bicarbonate ions ðCO 2ðaqÞ þ CO 2À 3 þ H 2 O , 2HCO À 3 Þ; leaving only a small proportion as dissolved CO 2 that contributes to the ocean pCO 2 . Under current conditions, approximately 95% of the CO 2 entering the ocean from the atmosphere reacts with carbonate in this way. As the reservoir of carbonate ions is reduced by CO 2 uptake a greater proportion of the atmospheric CO 2 taken up remains in the ocean as dissolved CO 2 , reducing the seaair pCO 2 gradient and hence reducing further CO 2 uptake. Over millennial timescales the carbonate reservoir is repopulated by the dissolution of calcium carbonate from sediments, but this recharge is minor on the timescales addressed in this study.
The degree of buffering provided by the carbonate ions against changes in DIC is usually expressed as the Revelle factor, which can be (approximately) calculated as Rev ¼ ½DIC pCO 2 Â dpCO 2 d½DIC (Sarmiento and Gruber 2006) . A low Revelle factor indicates that the buffer effect is strong and ocean pCO 2 would increase by a small amount as DIC increases, so a given increase in atmospheric CO 2 will result in a relatively high ocean uptake before equilibrium between ocean and atmosphere pCO 2 is reached.
Conversely, a high Revelle factor implies that ocean pCO 2 would increase by a large amount with any increase in atmospheric pCO 2 , implying a lower uptake of CO 2 to reach equilibrium with the atmosphere. Estimating the North Atlantic mean Revelle factor from the surface fields in the control experiments suggests that the L-CTRL (Rev = 14.0) and MC-CTRL (Rev = 13.9) uptake should be about equally sensitive to changes in DIC, whilst the MO-CTRL (Rev = 12.3) runs should be rather less sensitive.
All the model configurations have a similar global mean ocean CO 2 uptake in response to the atmospheric CO 2 forcing (Fig. 4) . As atmospheric pCO 2 increases, ocean uptake also increases, up to a peak of about 7 PgC/year for L-CTRL and MC-CTRL, and a slightly higher peak of 7.7 pgC/year for MO-CTRL. These numbers are in line with those found by previous studies for similar experiments (Sarmiento and Le Quere 1996; Joos et al. 1999) .
There is rather more inter-model variation in the CO 2 uptake in the North Atlantic (Fig. 4) . Uptake in the L-4xCO2 run increases until stabilisation of atmospheric CO 2 , from 0.21 PgC/year at year 150 to a peak of 0.77 PgC/year at year 290, and then drops back towards equilibrium, reaching its preindustrial value at year 610 (around 320 years after stabilisation of atmospheric CO 2 ). After year 610, the reduced carbonate buffer means that CO 2 uptake in the North Atlantic is below preindustrial levels, despite the far higher levels of atmospheric CO 2 . Uptake below preindustrial levels can be seen as ''outgassing'' of anthropogenic CO 2 , as suggested by Völker et al. (2002) , although here it occurs several centuries after stabilisation of atmospheric CO 2 , rather than coming 100 years before stabilisation as they found. In the L-650 run with the rather different, weaker CO 2 forcing scenario, whilst the maximum CO 2 uptake is rather less, the period after which uptake has dropped to below the preindustrial control level is much the same (not shown). In the MO-4xCO2 run, North Atlantic CO 2 uptake increases more rapidly than in L-4xCO2, from 0.3 to a peak of 0.84 PgC/year. The greater initial uptake is a reflection of the higher carbonate buffer and lower Revelle factor in this run. The rapid increase of DIC causes the Revelle factor to increase noticeably over the duration of the forcing, meaning that the peak ocean uptake occurs before atmospheric CO 2 stabilises. The higher Revelle factor then means that ocean CO 2 uptake drops more quickly in MO4xCO2 than L-4xCO2 once atmospheric pCO 2 has stabilised, with uptake dropping below preindustrial levels at year 440 (150 years after stabilisation of atmospheric pCO 2 ). The rate of change of the Revelle factor diagnosed here is also dependent on the rate of mixing of the North Atlantic surface waters. It can still, however, be a useful tool for qualitatively comparing the rate of uptake of CO 2 in the different experiments.
North Atlantic CO 2 uptake in the MC-4xCO2 run follows a similar general pattern to those in the other runs, although the peak uptake is much less, as is the time required for uptake to drop below preindustrial levels. The maximum uptake in MC-4xCO2 is around 0.5 PgC/year, and, as for MO-4xCO2, it occurs whilst atmospheric pCO 2 is still rising. The period over which CO 2 uptake is reduced is also less, dropping below preindustrial levels by year 340 (50 years after stabilisation of atmospheric CO 2 ). The piston velocity in the MPI-OM/HAMOCC5 model is dependent on the surface winds, but although the North Atlantic wind speeds specified for the MC-CTRL and MC4xCO2 runs are about 9% higher than in the MO-CTRL and MO-4xCO2 runs, North Atlantic CO 2 uptake in the MC experiments is substantially lower than in the MO experiments. The wind-speed effect is clearly outweighed by the other differences between the model states in determining CO 2 uptake in the North Atlantic.
Given that the Revelle factor for MC-CTRL is the same as that for the L-CTRL, it is perhaps surprising that their surface flux responses to the CO 2 forcing are so different. There are two factors involved here. For one thing, the deeper mixed layers and higher diapycnal mixing in the L-CTRL ocean state mean that excess CO 2 is moved from the surface layers to depth in the North Atlantic at a faster rate than in MC-CTRL. The reservoir of water coming into equilibrium with atmospheric pCO 2 in MC-4xCO2 is thus effectively smaller, and it comes into equilibrium with the atmosphere more quickly. The second factor involves the different equilibrium levels of DIC found in the North Atlantic in the control runs. The Revelle factors of 13.9 and 14.0 calculated for the L-CTRL and MC-CTRL surface oceans respectively, imply that a 1% change in DIC will lead to a *14% change in ocean pCO 2 . Both L-4xCO2 and MC-4xCO2 accumulate similar amounts of anthropogenic DIC in their surface waters during the period of atmospheric forcing (Fig. 5) , but the increases in anthropogenic DIC represent larger percentage DIC changes in MC-4xCO2 than in L-4xCO2, as the MC-CTRL run underestimated surface DIC whilst the L-CTRL overestimated it. The larger percentage DIC changes in MC4xCO2 also lead to larger absolute changes in pCO 2 than in L-4xCO2, as MC-4xCO2 started with higher pCO 2 values than L-4xCO2. The larger pCO 2 changes in MC-4xCO2 mean that the air-sea gradient of CO 2 reduces much more quickly than in L-4xCO2, leading to the lower overall CO 2 uptake in MC-4xCO2.
DIC storage in the Atlantic for the CTRL runs (Fig. 5,  left) reflects the influences already discussed for the surface. The L-CTRL run clearly has elevated levels of DIC throughout the water column compared to both MO-CTRL and MC-CTRL, and the higher levels of diapycnal diffusion in the low-resolution model result in a more vertically homogeneous picture. In MO-4xCO2, the vigorous MOC can be seen in the southward reach of the North Atlantic Deep Water. Model differences in the distribution of the additional anthropogenic CO 2 in the Atlantic (Fig. 5 , middle, right) seem rather smaller. The initially high uptake seen in the MO-4xCO2 run is evident in the DIC inventory at 300 years, but by 500 years the distributions, at least in the North Atlantic, do not look too different. It is notable, however, that the L-4xCO2 run still shows a more vertically homogeneous water column, and the weaker diapycnal mixing in the MC-4xCO2 run can be seen in the deep water north of 70°N which sees no anthropogenic CO 2 . Observation-based assessments of anthropogenic CO 2 in the Atlantic (e.g. Sabine et al. 2004) show similar patterns of storage, with high concentrations at the surface and anthropogenic CO 2 being found at greater depths at higher latitudes, particularly in the northern hemisphere. The idealised CO 2 concentration scenarios used in our runs mean that it is difficult to compare the magnitude of anthropogenic CO 2 storage in the experiments with observations, but the patterns of storage can still be examined. Compared to Sabine et al. (2004) , anthropogenic CO 2 storage in the L-4xCO2 run is too deep and vertically homogeneous, whilst the anthropogenic CO 2 found at depth further south in the MO-4xCO2 run, a result of the vigorous MOC, also looks unrealistic. Of the three 4xCO2 runs, anthropogenic CO 2 storage in the MC-4xCO2 run has the most realistic pattern.
The inventory of North Atlantic anthropogenic DIC varies between models much less than the surface uptake of anthropogenic CO 2 (Fig. 6, top, middle) . Conservation of mass implies that the difference between the DIC inventory change and the input from surface uptake must be provided by transport of DIC in the ocean. Clearly, the ocean DIC transport must be different in the different model configurations.
All the experiments show a net export of DIC from the North Atlantic region throughout the runs (Fig. 6 bottom) . For the L-4xCO2 and the MO-4xCO2 experiments, net DIC export increases with the increase in CO 2 forcing and uptake at the surface. The MC-4xCO2 run is, however, rather different: net export of DIC from the North Atlantic is reduced as atmospheric forcing increases. A reduction in net export could be due to a decrease in export of DIC at depth (assuming constant import at the surface), or an increase in surface import of DIC (assuming a constant export). As DIC in the North Atlantic has increased, it is unlikely that the change in net export would come from a reduction in DIC export at depth. This implies that there is an increase in the import of anthropogenic DIC to the North Atlantic in the MC-4xCO2 run that is greater than the export at depth. This is supported by the changes further south in the Atlantic. All of the 4xCO2 experiments have the same uptake of CO 2 further south in the Atlantic, and the same import of DIC into the North Atlantic. Given that MC-CTRL has much lower values of DIC in the North Atlantic than the other runs, the imported anthropogenic DIC is relatively more important for the North Atlantic inventory in the MC-4xCO2 run than in the other runs. The higher ocean transport of anthropogenic DIC in the MC4xCO2 run explains why the change in the North Atlantic inventory of anthropogenic DIC is the same as for the other experiments, despite much lower surface uptake of anthropogenic CO 2 in MC-4xCO2.
Climate change experiments
In the previous experiments the CO 2 forcing only affected the biogeochemistry and not the underlying ocean state. An increase in atmospheric CO 2 would, in reality, cause a physical climate change, with changes in temperature and salinity and knock-on effects on DIC and Alk separate from the purely chemical aspects of the CO 2 forcing that were investigated above. Changes in temperature affect the solubility of CO 2 in the ocean, and changes in mixed layer depths or the strength of the MOC would be expected to have a significant impact on CO 2 uptake in the North Atlantic. In this section, we analyse an experiment (MC-CLIM) where the CO 2 forcing has been allowed to modify the physical ocean state.
The time-dependent ocean state for MC-CLIM was derived from a run of the ECHAM5/MPI-OM model, started from the MC-CTRL state and forced with the 4xCO2 scenario. By year 500 (350 years after the start of the forcing), the global surface ocean has warmed by 6°C, and the MOC has reduced by 66%, from 15 to 5 Sv (Fig. 7) . The deepest mixed layer depths are found in much The left-most column shows the control DIC levels at year 150 before the CO 2 forcing has started, the middle and right columns show the anthropogenic DIC perturbation for years 300 and 500, respectively. The top row shows L-4xCO2, the middle MO4xCO2, and the bottom MC-4xCO2 the same place as in the MC-CTRL run, but are much reduced, to a maximum of 750 m in the spring. Wind speeds in the North Atlantic steadily decline by 4% over the course of the run. The North Atlantic region warms by about 5°C, and becomes 1.8 psu less saline due to a more active hydrologic cycle. Much of the warming in the North Atlantic is linked to the retreat of sea-ice and the loss of the sea ice albedo effect. The dilution implied by the reduction in salinity also acts to reduce the alkalinity and DIC concentrations further from the rather low levels already seen for the MC-CTRL experiment. There is also a reduction in biological activity, resulting from a reduction in diapycnal mixing which diminishes the supply of nutrients to the surface (Fig. 8) , with both phosphate and nitrate significantly reduced. Globally, the physical ocean state changes here reduce the maximum surface CO 2 uptake from 7 PgC/year for MC-4xCO2 to about 5.5 PgC/year. This level of reduction is in line with previous studies, which have found that global CO 2 uptake is significantly reduced by climate change, mostly due to the effects of warming and reductions in the MOC and deepwater formation (Sarmiento and Le Quere 1996; Joos et al. 1999) .
As the CO 2 forcing increases, the surface uptake of CO 2 initially increases. However, the peak uptake occurs just before year 200, and then starts to decline again despite a constantly increasing atmospheric forcing (Fig. 9 top) . By year 290, when atmospheric CO 2 stabilises, CO 2 uptake is already reduced back to its preindustrial value, and continues to drop further. The rather rapid reduction of the CO 2 uptake seen for the MC-4xCO2 run is clearly exacerbated by the changes in physical ocean state that occur here. The increase in SST acts to increase ocean pCO 2 , and whilst the reduction in SSS acts to decrease pCO 2 , the sensitivity of pCO 2 to this salinity change is smaller than to the temperature change. The slight drop in wind speeds during the run also acts to inhibit CO 2 uptake. Surface Alk in the North Atlantic decreases, a combination of the dilution implied by the drop in salinity and the reduction in diapycnal mixing associated with reduced deepwater formation. Despite these factors, surface DIC still increases due to the atmospheric pCO 2 forcing. Ocean pCO 2 tends to increase as Alk decreases, so the trends in Alk and DIC imply a rapid erosion of the uptake capacity in MC-CLIM. The steady change in surface temperature and alkalinity, combined with the reduction in diapycnal mixing that is associated with the reduction in deepwater formation, explains why the shape of the uptake curve is different in MC-CLIM.
Changes in DIC levels integrated over the whole depth of the North Atlantic show a timing similar to that of the surface uptake (Fig. 9 middle) , and the change in column DIC peaks at the same time as the surface uptake does. North Atlantic DIC inventory values do now change significantly along with the different surface uptake, in contrast to the behaviour noted in the previous section. Surface DIC values are considerably lower than in the MC4xCO2 run, showing that the changes in the physical ocean state increase the Revelle factor so much that even small increases in DIC serve to equilibrate ocean pCO 2 to the atmospheric forcing.
The ocean transport of anthropogenic DIC implied by the difference of the surface uptake and the inventory change follows a similar pattern to that seen for the MC4xCO2 run. There is an immediate reduction in the export of DIC from the North Atlantic: export drops until atmospheric CO 2 stabilises in year 290 when equilibrium between surface uptake and regional export is reestablished. As with the MC-4xCO2 run, the reduction in DIC export can be seen as a net import and storage of anthropogenic DIC in the North Atlantic throughout the experiment. The reduction in the MOC seen in the MC-CLIM experiment clearly plays a role in the further reduction in net export of anthropogenic DIC from the North Atlantic. Climate change induced by anthropogenic CO 2 is expected to have some impact on marine biology, which would be expected to affect ocean CO 2 chemistry. There is, however, great uncertainty in how to model biology under different climate conditions. Whilst increased CO 2 fertilisation is not expected to have a significant direct impact on biology, changes in temperature, acidification, and nutrient availability are likely to be important. Very little is known about how the population dynamics of marine ecosystems may change in the future. Previous studies (e.g. Sarmiento and Le Quere 1996; Joos et al. 1999; MaierReimer et al. 1996) have chosen either to exclude biology, or to use schemes where biological carbon fluxes are either kept constant, reduced to zero or increased to a theoretical maximum in order to cover a range of possibilities. These studies have found that biological effects have the potential to reduce the impact of climate change on ocean CO 2 uptake: for instance, Sarmiento and Le Quere (1996) found that reductions in diapycnal mixing associated with shutdown of the MOC led to a net increase in downward carbon fluxes associated with biological activity, reducing surface pCO 2 and mitigating the reduction in CO 2 uptake. Whilst the simple NPZD biology used here cannot model significant changes in ecosystem dynamics, we find that increased stratification associated with the reduction in deepwater formation leads to a significant reduction in the phytoplankton concentration due to the reduction in upwelled nutrients (Fig. 8) . Under these circumstances it seems unlikely that biology could significantly compensate for any of the other physical effects seen to reduce CO 2 uptake in the North Atlantic under climate change.
Discussion
We have shown that there is a significant degree of model dependency in the sensitivity of North Atlantic CO 2 uptake to increased atmospheric CO 2 . This sensitivity affects both the magnitude of the uptake, and the timescales on which it returns to preindustrial levels. Excluding climate change effects, the experiments here show peak uptakes of between 0.55 and 0.25 PgC/year of anthropogenic CO 2 , with periods of between 300 and 50 years after stabilisation of atmospheric CO 2 for the uptake to drop below its preindustrial value. Including climate change effects, which would also be seen in reality, reduces the total uptake further, with the timescale reducing such that North Atlantic CO 2 uptake drops below preindustrial values whilst atmospheric CO 2 is still rising. The majority of these differences can be ascribed to the background ocean states produced by the different models. Although each control run attempts to model the same preindustrial ocean state, the resulting states differ due to different resolutions, processes, and boundary conditions. Differences in the biogeochemical models seemed to be of far less importance, given the large effects of differences in temperature, salinity, and diapycnal mixing provided by the different ocean models. It is reasonable to conclude that the details of the biogeochemical model are relatively unimportant when compared to deficiencies in the physical model, at least when it comes to assessing surface CO 2 uptake in climate models. Considering the timescales on which CO 2 uptake returns back to (and below) its preindustrial level, the inter-model differences were also greater than the details of the forcing scenario used, as shown by the similarities between the L-4xCO2 and L-650 experiments.
The MO-CTRL run appears to have the most realistic surface state in the North Atlantic, and, of the experiments considered in this study, might be expected to provide the most realistic estimate of the surface uptake. However, the MOC strength in MO-CTRL is possibly too high (Talley et al. 2003) , which may affect the degree of equilibration of the northward flowing water in the Atlantic (although the resolution of the model means that the northward flowing western boundary current that makes up the upper limb of the MOC in the Atlantic is still likely to be too broad and slow, even given a high maximum value of the streamfunction). The overestimation of the MOC strength may also affect the CO 2 uptake via excessively deep mixed layers associated with increased deepwater formation. Much of the large difference in North Atlantic CO 2 uptake responses seen between the L-4xCO2 and the MC-4xCO2 runs appears to be due to the different mixed layer depths and MOC strengths in the two runs, so an accurate representation of the MOC and diapycnal mixing is essential in modelling surface fluxes correctly.
Tying the MO-CTRL state to realistic values through the use of fixed boundary conditions gives a degree of accuracy in the ocean state unlikely to be realised in an atmosphere-ocean coupled model which is free to find its own equilibrium. Climate change experiments, however, require the use of an atmosphere model to provide the changing boundary conditions, meaning that the realism provided by fixed boundary conditions is harder to realise for climate change experiments. A wide range of models (e.g. Lenton et al. 2006; Friedlingstein et al. 2005 ) is currently used in the study of the ocean carbon system, with the comprehensive nature of Earth System Models requiring that they often use less sophisticated/low resolution components for computational efficiency. The results here would suggest that such models could produce an extremely wide variation in their estimates of time-dependent CO 2 uptake by the ocean. Given the sensitivity of the CO 2 uptake to the background ocean state, the results of this study suggest that it may be necessary to use anomaly coupling or flux adjustments with such models to ensure a good background ocean state in order to accurately model the uptake of CO 2 in the future.
Ocean uptake of CO 2 below preindustrial levels can be seen as an ''outgassing'' of the anthropogenic component of the CO 2 flux. In agreement with Völker et al. (2002) , this outgassing is a robust feature of all the CO 2 -increase experiments here. The timescale on which it occurs is, however, extremely model dependent, again tied to the representation of the background model physics. Using a box model, Völker et al. (2002) found outgassing of anthropogenic CO 2 in the North Atlantic occurring 100 years before stabilisation of atmospheric CO 2 . The ocean general circulation models (OGCMs) used here show periods ranging from 50 years before stabilisation to 300 years after. Outgassing of anthropogenic CO 2 in the North Atlantic before stabilisation of atmospheric CO 2 levels is only seen in this study when the additional effects of a physical climate change are included, a factor that was not included in the Völker et al. (2002) study. The dependence of the timescale of the outgassing on the model physics implies that, if we are to make an estimate of the timescale likely to be observed in reality, it would be best to use the most realistic model and ocean state possible. In our experiments, the most realistic modern day ocean state is provided in the MO-CTRL run, however, two things stand in the way of using the MO-4xCO2 experiment to provide a realistic timescale for the outgassing of anthropogenic CO 2 in the North Atlantic. First, the fixed boundary conditions mean we do not have an estimate of the effects of physical climate change for this run. Secondly, the 4xCO2 forcing scenario used is rather idealised, compared to, say the more likely SRES (Special Report on Emissions Scenarios) scenarios (Nakicenovic et al. 1999) .
Given that the L-650 and L-4xCO2 experiments show timescales for the outgassing of anthropogenic CO 2 in the North Atlantic that are very similar to each other, the timescale (neglecting climate change effects) would seem not to be heavily dependent on the CO 2 scenario used. Thus, it seems not unreasonable to use the MO-4xCO2 experiment as a basis for estimating a realistic timescale.
To assess the effects of physical climate change, we can use the results of the MC-CLIM run. In the MC-CLIM experiment, including physical climate change effects shortened the total period of uptake of anthropogenic CO 2 (from the start of the atmospheric CO 2 forcing until CO 2 uptake drops below preindustrial levels) in the North Atlantic from about 150 to 100 years, a reduction of about one-third. Assuming that a similar reduction in timescale can be applied to the MO-4xCO2 experiment, we find a total period of about 190 years of uptake of anthropogenic CO 2 in the North Atlantic. It is difficult to relate these idealised scenarios to historical CO 2 emissions, but taking the date of the stabilisation of atmospheric CO 2 as a common point, this result implies that uptake of anthropogenic CO 2 in the North Atlantic would drop below preindustrial levels roughly 50 years after stabilisation of atmospheric CO 2 in the real world.
The results from Sect. 5 do suggest that it is possible to get a reasonable estimate of regional anthropogenic carbon inventories from current models. Despite their rather different background ocean states and surface CO 2 uptake, all the models produce very similar levels of anthropogenic carbon stored in the North Atlantic. The differences in surface CO 2 uptake are made up for by compensating differences in transport from further south in the Atlantic. This compensation agrees with the conclusion of Völker et al. (2002) that anthropogenic carbon inventories derived for the Atlantic do not constrain the surface fluxes well: they found that their modelled inventory of DIC could be used to imply a wide spread of surface carbon fluxes; the differing surface fluxes in the experiments here all produce similar inventories of anthropogenic DIC in the North Atlantic. Concerning the representation of the ocean carbon system in other models, the strategy of flux adjustments proposed above is perhaps not necessary if one is more concerned with getting the inventory of carbon correct than the surface uptake. Although Orr et al. (2001) found that there were significant inter-model differences in terms of regional anthropogenic carbon inventory as well as surface fluxes, the differences were found mainly in the Southern Ocean, and it may be that other regions are not so sensitive.
Transport of anthropogenic DIC into and out of the North Atlantic plays an important role in this study. All model configurations show a net export of DIC from the North Atlantic, but the transport response to increasing atmospheric CO 2 does differ. In the configurations with higher overturning rates and deeper mixed layers (L4xCO2, MO-4xCO2), export increases under anthropogenic CO 2 forcing. On the other hand, in the coupled configuration with weaker MOCs (MC-4xCO2, where the MOC is static at a relatively weak 14 Sv, and MC-CLIM where climate change causes the MOC to weaken further) there is a decrease in net export-an import of anthropogenic DIC. There is a discrepancy between observationally derived budgets, which imply that transport of anthropogenic DIC into the North Atlantic is large enough to not require any significant uptake at the surface to balance observed DIC levels (Roson et al. 2003; Macdonald et al. 2003) , and numerical models, which all show significant uptake (e.g. Orr et al. 2001) . There is, however, considerable uncertainty in both estimates. The results from the MC experiments, which show import of anthropogenic DIC, agree best with those observational estimates, despite the apparent errors in the surface state of MC-CTRL. This may indicate that the weaker MOC found in MC-CTRL provides a more accurate representation of the surface CO 2 uptake due to the MOC than the stronger MOCs found in the other runs. The relative insensitivity of the DIC inventory in the North Atlantic means that the surface CO 2 uptake and oceanic DIC transport are closely coupled, and the model spread found in the uptake thus applies equally well to the DIC transports. Previous model estimates of ocean transport of anthropogenic DIC in the Atlantic may therefore be unreliable.
The dependence of North Atlantic CO 2 uptake on the model physics shown here clearly implies that the use of the best ocean physics possible is required to get a realistic estimate of the likely evolution of carbon uptake and transport in the North Atlantic. The use of high-resolution ocean models with realistic temperature structures and diapycnal mixing levels is thus recommended. There is also the question of the evolution and impact of ocean biology on the CO 2 uptake. Biological export of surface carbon has considerable scope for modifying global ocean CO 2 uptake, and much more work needs to be done to assess accurately how marine biology might change in the future. The C4MIP model intercomparison project (Friedlingstein et al. 2005 ) has shown progress in at least in the physical models behind the biogeochemistry, and the use of SRES emissions scenarios (Nakicenovic et al. 1999) should allow better estimates of how CO 2 uptake is likely to evolve in reality. Early results from a higher resolution, online version of the ECHAM5/MPI-OM/HAMOCC5 model with a full carbon cycle (J. Segschneider, personal communication) predict a reduction in North Atlantic CO 2 uptake on a slightly longer timescale than that seen here in the MC-CLIM experiment; this may well be due to the use of a less extreme CO 2 forcing than used here.
Conclusions
• There are large inter-model differences in the magnitude and timing of the uptake of anthropogenic CO 2 in the North Atlantic, even neglecting the uncertainties of possible future climate change. Differences in uptake are clearly linked to differences in the temperature and freshwater balance of the models' ocean surface, which can result from different boundary conditions (e.g. different climatological forcings, or coupled fields from an atmosphere model) or different model reactions to those boundary conditions. • Neglecting physical climate change, the anthropogenic DIC inventory in the North Atlantic differs far less between the models than the surface CO 2 uptake. Northward transport of anthropogenic DIC in the Atlantic is greater in the models with lower North Atlantic surface CO 2 uptake.
• Physical climate change effects act to reduce anthropogenic CO 2 uptake in the North Atlantic. Ocean surface warming, an increase in freshwater input and a reduction of the strength of the MOC all play a role in a more rapid increase of ocean pCO 2 than is seen when physical climate changes are neglected. Shallower spring mixed layer depths act to reduce primary production in the North Atlantic, reducing the potential role for ocean biology in drawing down anthropogenic CO 2 .
• The outgassing of anthropogenic CO 2 from the North Atlantic is likely to occur on centennial timescales, and may occur whilst levels of atmospheric CO 2 are still rising. This timescale differs by several centuries in different models, and depends more on differences in the model equilibrium surface ocean state than on the choice of CO 2 forcing scenario or on the physical effects of climate change. The best estimate from this study is that outgassing of anthropogenic CO 2 from the North Atlantic would occur about 50 years after atmospheric CO 2 stabilises.
